Abstract. The thermal characteristics of In-wheel Motor is one of the key technologies for the motors used in the New Energy Vehicles. In this paper, the thermal simulation model of in-wheel motor used for solar car was established, the thermal characteristics of In-wheel motor were analyzed by building the mass flow and heat-transfer coupling simulation model. The motor temperature field data were acquired by simulation combined with the actual work conditions. The simulation air cooling model of in-wheel motor and verification researches were carried out, which provides the basis for the further thermal design and optimization of In-wheel motor structure.
Fig. 1 The Structure of External Rotor Permanent Magnet Synchronous Motor
The heat source of the in-wheel motor mainly includes stator winding loss and stator core loss. The heating power is mainly concentrated in the stator part. Winding loss is caused by the current passing through the winding, considered as the basic copper consumption, according to Joule law:
Where: I is the phase winding current, A; R is the phase winding resistance, Ω.
α is the resistance temperature coefficient, α=0.0039Ω/ºC; R 0 is the resistance value at room temperature, T 0 is the normal temperature, T is the working temperature.
In-wheel motor condition parameters are determined from the vehicle dynamics equation. As the vehicle's only power mechanism, motor's rated output power is supposed to balance the resistance in the car driving project, as Formula 3 shown below: In the above formula, P N is the rated motor power, kW; η T is the transmission system efficiency parameter; P w is the air resistance power, P f is the rolling resistance power, kW; m is the vehicle's curb weight, kg; f is the rolling friction resistance coefficient; C D is the drag coefficient; u a is the cruising speed, km·h -1 ; A is the windward area, m 2 . Through calculation we can get P N =1.5kW . Considering climbing acceleration and other conditions, the parameters of the motor are determined as follows: rated voltage is 130V; rated power is 1.5kW, rated speed is 800r/min, peak torque is 40N·m.
The Simulation of Motor Temperature Field
Based on the analysis of the heating power of the permanent magnet synchronous motor and the specific geometric model, CFD simulation of flow and heat transfer coupling based on the Fluent software under rated operating conditions is given.
The Coupling Model of Motor Flow and Heat Transfer
Ignoring the small parts and the structure of the motor, the stator steel core and the coil winding are equivalent to the rotor permanent magnet, to anisotropic homogeneous material. The thermal conductivity of the motor core is 3.4W/m·K, The longitudinal thermal conductivity is 40.6W/m·K, the density is 7650kg/m 3 , The heat capacity is 502.4J/kg·K; Coil winding insulation layer is only a thin layer, and the physical parameters compared to copper basically negligible. The windings are equivalent to homogeneous copper wires. The density is 8978kg/m 3 , the Thermal conductivity is 387.6W/m·K, the Specific heat capacity is 381J/kg·K; Outer rotor and intermediate shaft and other non-heating parts are equivalent to the boundary wall; equivalent parameters are shown in Simulation Condition Setting Input the grid model into the Fluent software and check the grid quality. If the grid quality is poor, re-divide the grid, which is related to the heat analysis, then set k-epsilon flow model.
The thermal parameters of the motor are based on homogeneity equivalent, and the heat of the motor is to be tested by experiment. The motor is set to 1.5kW and 1.1kW constant power, the test data are shown in Table 2 : 
Through the output speed and torque, the output power is calculated by Formula 4, using the input voltage and input current to calculate the output power. In qualitative analysis, all the power loss is converted into heat, increasing the motor stator temperature as thermal power:
Therefore, it can be calculated that the rated power is the total thermal power P t =120W, The total thermal power of the low power condition is P t =90W. Measure the two-phase resistance of the series value and then take the average. The measurement results are shown in Table 3 : Table 3 The Table 3 , the resistance value of permanent magnet synchronous motor single-way winding is 23.05mΩ, By calculation, the winding power of motor 1.5kW and 1.1kW are 51.1W and 32.6W . The corresponding difference is the core's thermal power, 68.9W and 57.4W respectively, Dividing above-mentioned calorific value by the core and the winding volume, the heating power per unit volume winding and core is 106085.5W/m 3 and 58792.3W/m 3 , respectively. Set the material parameters in the Fluent software, using transient simulation, with the time set as 5400s. To avoid excessive load steps, each load step is set to 300s, a total of 18 load steps, corresponding to 18 files. Since the experimental process is actually using the observed highest temperature of thermal imager every 5min, respectively, the highest and lowest temperature are respectively extracted from the results. In order to compare the experimental results, set two conditions respectively; one is the natural convection, which has a constant power of 1.5kW and 1.1kW constant power work, and the other is 1.5kW forced convection heat transfer. Set the boundary conditions in the Boundary Conditions panel. To compare with the experiment, the inlet temperatures are set at 18.3ºC and 17.5ºC respectively. The wind speed of the cooling fan is 2.5m/s, that is, the entrance wind speed is 2.5m/s, and the outlet type is Outflow. Solid-liquid interface for the coupling interface is set to Coupled. Select the entrance initialization interface Initialize, and the other are default settings.
Simulation Results Analysis
The calculation results from the Fluent were processed by using CFD-POST. For two kinds of natural convection conditions, the final temperature field distribution is basically the same, only with different specific temperature values. The final motor stator and winding temperature field is shown in the Fig. 3 , the motor winding temperature is the highest, temperature decreases from the tooth to the yoke of the stator core, showing a temperature gradient changes. The intuitive results also meet the basic theory of physics.
Fig. 3 Temperature Field Distribution of Natural Convection
Change the forced convection boundary condition to calculate the forced convection heat transfer condition. The final temperature distribution of the motor stator and winding temperature is shown in Fig. 4 . It can be seen from the Fig. that the temperature field of the forced convection is not very different from the natural convection, because the heat of the motor windings and the stator is large and the specific heat capacity of the gas is small and will not have a great influence on the temperature field distribution. The results of the actual thermal imager are consistent. The motor winding temperature is the highest. Temperature decreases from the tooth to the yoke of the stator core, showing a temperature gradient changes. The intuitive results also meet the basic theory of physics. The highest temperature of the above simulation cases is extracted from the 18 Load-step results respectively. The temperature of the measuring point gradually increases with time, and because of the forced convection state, the temperature rise rate tends to decrease, until reaching a steady state in the end, when heat and forced cooling temperature get a balance. 
Experimental Verification
Natural convection heat transfer cooling state corresponds to the simulation condition. the experimental includes two conditions; the output power of the first case is 1.5kW , ambient temperature of 17.5ºC; the second discharge conditions is the output power of 1.1kW, ambient temperature for 18.3℃. Forced convection cooling and cooling state corresponds to the simulation conditions, the output power of 1.5kW discharge conditions, the use of anemometer measured cooling wind speed of 2m/s, ambient temperature of 20.5ºC. The results of the above three conditions are simulated and shown in Fig. 6 . To get more intuitive comparisons, the simulation data and experimental data at the end (i.e., 5400s) are listed in Table 4 . The actual motor temperature field measured by the thermal imager is shown in Fig. 7 . It can be seen from Fig. 6 and Table 4 that the experimental data curve and the simulation data curve are basically consistent, the maximum error about 2ºC. The simulation temperature is slightly higher than the experimental temperature, because the actual motor loss is not completely converted into heat. Overall, the simulation results are within the allowable error limits.
It can be seen from Fig. 7 that the actual temperature outside the rotor temperature is very low, almost close to the ambient temperature, so it can be considered as the boundary and can be simulated as consistent. The temperature distribution of the stator and the winding is very similar to the simulation result. Therefore, the temperature field distribution of the overall simulation is similar to the observed temperature field distribution, which can support the accuracy of the simulation results.
Conclusion
In this paper, the calculation of the working current of the permanent magnet in-wheel motor and the working conditions were carried out. The thermal simulation model of the permanent magnet in-wheel motor was established, and the calculation conditions were determined based on the solar vehicle parameters. The three-dimensional model of the motor was established by the Fluent software, and the thermal characteristics of the two models were simulated.
The radial temperature field distribution of the forced convection motor was obtained by simulation calculation. The simulation results were verified by the test experiment. The research results laid the foundation for further thermal design and thermal optimization.
